Introduction
Water vapor plays a crucial role in climate change, hydrological processes, Earth's energy balance, and weather systems [1] [2] [3] . Water vapor is also the most abundant greenhouse gas in the atmosphere, and it accounts for about 60% of the natural greenhouse effect [4] . Because of this, the saturation vapor pressure is expected to increase as a response to rises in air temperature. Thus, atmospheric water vapor provides a strong positive feedback for global warming as well as carbon dioxide, ozone, methane, and other greenhouse gases [1, [5] [6] [7] [8] [9] . Therefore, how water vapor changes in both the real atmosphere and climate models is significant, not only for a better understanding of water vapor feedback on global warming but also for the exploration of climate change.
Over the past few years, various studies have been performed to detect the changes in precipitable water vapor (PWV) using a variety of PWV datasets, which can be retrieved from various sensors such as Global Positioning System (GPS) receivers [10] , radiosondes [6, 11] , microwave radiometers [12, 13] , Raman radar [14] , multifilter rotating shadow band radiometers (MFRSR) [15] , satellite remote sensing [16, 17] , and ground-based sun photometry [18, 19] . Traditionally, the long-term PWV observation records from radiosondes represent an important resource for monitoring the variation of atmospheric water vapor. As it boasts high accuracy and high vertical resolution, radiosonde PWV is also often used as the reference data in evaluating the performance of other PWV detection techniques [20] [21] [22] . However, it is difficult to quantify an accurate PWV trend from radiosonde PWV due to limitations such as incomplete and inhomogeneous observations and sparse spatial distributions [6, 23] . Moreover, several factors such as changes in instrumentation, uncontrollable balloons, upgrades to instruments, and temporal inhomogeneities often cause spurious shifts in the radiosonde PWV time series [24] . This means that the long-term trend of PWV derived from radiosonde detection may be influenced by decisions of the researchers, including quality control procedures, site screening processes, and bias correction [23] .
Advances in Meteorology
Atmospheric reanalysis datasets are produced by assimilating various types of observations (including ground and satellite observations) into a dynamically coherent dataset, based on an atmospheric general circulation model [4, 9, 25] . Reanalysis data have been used widely in atmospheric research topics, such as climate change, because they have advantages such as multivariable outputs, global coverage, homogeneous records, and spatial integrity [26, 27] . It is worth noting that reanalysis data may not be so reliable for some areas with limited or absent observational data for use in the data assimilation [28, 29] . Moreover, the expected error in ground and satellite observations that are assimilated into a reanalysis system may propagate large biases in reanalysis products. These errors may induce spurious long-term changes in reanalysis water vapor.
Many previous studies have revealed the PWV trends on different regional scales and over different time periods using a variety of PWV datasets. It has been shown that there has been an upward trend in PWV at most sites in the Northern Hemisphere, using radiosonde observations made during 1973-1995 [30] . Based on 27 years of radiosonde observations, a significant upward trend in PWV has been observed in the northern part of China, but a downward trend has been seen in Southern China for the period of 1979-2005 [31] . For the period of 1979-2001, the magnitude of the global PWV increase was found to be 0.26 mm decade −1 , using the ERA-40 reanalysis of the European Centre for Medium-Range Weather Forecasts (ECMWF) [32] . By using a variety of PWV datasets, including the ECMWF and National Centers for Environmental Prediction reanalyses, GPS, radiosonde, and microwave satellite observations, the variability and trend in global PWV between 1979 and 2014 have been analyzed . The study showed positive global PWV trends for all five PWV datasets during three different periods: 1979-2014, 1992-2014, and 2000-2014. China, especially North China, is a typical region for studying water vapor feedback on global warming [33] . In order to strengthen understanding of climate change, it is necessary to analyze the PWV distribution and variations throughout North China in recent decades [34] . In this paper, the spatial and temporal variations of annual, seasonal, and monthly PWV distributions throughout North China are examined using the latest 37-year ERA-interim reanalysis from ECMWF. Meanwhile, the PWV datasets from 45 radiosonde stations in North China are used to analyze the annual and seasonal trends during three different periods (1979-1999, 1979-2007, and 2008-2015) associated with the latest humidity sensors changes that have been taking place in China since about 2007 [35, 36] . In addition, the latest ERA-interim reanalysis products from ECMWF and the second Modern-Era Retrospective Analysis for Research and Applications (MERRA-2) between 1979 and 2015 are also exploited to derive PWV trends for a direct comparison with radiosonde data.
Data and Method

Radiosonde Station Description and PWV Retrieval.
Based on a balloon-borne platform, radiosondes can provide in situ measurements of meteorological parameters including temperature, pressure, relative humidity, and wind speed and direction at different heights. Radiosonde balloons are generally launched twice daily, at 00:00 and 12:00 UTC (local time +8 h). The measurement precisions of the temperature, pressure, and relative humidity are 0.2-0.3 ∘ C, 1-2 hPa, and 4-5%, respectively. PWV can be calculated from an integral of the meteorological profiles measured by a radiosonde. It has been reported that the uncertainty in radiosonde PWV data is from 5 to 8% [37, 38] . The total columnar water vapor can be calculated using the following equation [39] :
where is the acceleration due to gravity; 1 and 2 are atmospheric pressure at the lower and upper layers, respectively (unit: Pascal); and is the vapor pressure (unit: Pascal). The PWV is calculated from integration of water vapor mass through all levels of the sounding in this paper. Only the Chinese radiosonde data from 1979 to 2015 were selected to retrieve PWV. The PWV data quality has been controlled according to the previously reported procedures [31, 40] : (1) Data from stations are excluded when obvious breaks are found. (2) Data from stations without two complete daily observations at 00:00 and 12:00 UTC are rejected. (3) In the analysis of annual mean PWV time series for each station, at least 15 observation days from a month are used to obtain a monthly mean value, and at least eight valid months from a year are needed to derive the annual and seasonal mean values. As a result, a total of 45 radiosonde stations in North China were selected for this study for the period of 1979-2015. Data from the 45 radiosonde stations are available from the website of the Department of Atmospheric Science of the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html). Figure 1 shows the geographical positions of the 45 radiosonde stations in North China. It can be seen that they are situated at longitudes ranging from 75 ∘ E to 130 ∘ E, at latitudes ranging from 32 ∘ N to 52 ∘ N, and at elevations ranging from 400 m a.s.l. to 4800 m a.s.l. (see Figure 1 ).
ERA-Interim
Reanalysis PWV Data. ERA-interim is the latest global atmospheric reanalysis produced by the ECMWF. It covers the data-rich period from 1 January 1979 and is continuously updated in real time [23] . These data can be downloaded from the ECMWF Public Datasets web interface (https://www.ecmwf.int/). ERA-interim improved the quality of the reanalysis products compared with ERA-40 [23] . The data assimilation system uses a four-dimensional variational analysis system that is based on a 2006 release of the IFS (Cy31r2). The PWV data derived from the ERA-interim reanalysis are based on various water vapor observations, including clear-sky radiance measurements from polar-orbiting and geostationary sounders, as well as the images of remote sensing satellites such as the Total Ozone Mapping Spectrophotometer [41] , Special Sensor Microwave Imager (SSM/I) [42] , TIROS Operational Vertical Sounder (TOVS) [43] , and High Resolution Infrared Radiation Sounder [44, 45] . Radiosonde sites   400  800  1200  1600  2000  2400  2800  3200  3600  4000  4400  4800  5200  5600 Height (m) Figure 1 : Geographical distribution of the 45 radiosonde stations selected for this study.
(mm) In this study, the monthly mean PWV data derived from the ERA-interim reanalysis from 1979 to 2015 were used. The spatial resolution of the ERA-interim reanalysis PWV products used in this study was 0.5 ∘ × 0.5 ∘ in latitude and longitude. The monthly mean PWV data were calculated by averaging daily PWV data, which had a 6 h temporal resolution, and then the annual mean PWV data were obtained by averaging the monthly PWV data. Additionally, the seasonal means were obtained for spring (March, April, and May), summer (June, July, and August), autumn (September, October, and November), and winter (December, January, and February) by averaging the monthly means in each season.
MERRA-2 Reanalysis PWV Data.
The second ModernEra Retrospective Analysis for Research and Applications (MERRA-2) is a NASA atmospheric data reanalysis for the satellite era. It replaces the original MERRA reanalysis data [46] using a three-dimensional upgraded version of the Goddard Earth Observing System Data Assimilation System (Version 5.12.4). Unlike in MERRA, all data collections from MERRA-2 are provided at the same resolution of 0.5 ∘ × 0.625 ∘ in latitude and longitude. The PWV data derived from the MERRA-2 reanalysis are based on various water vapor observations, including the newer microwave sounders and hyperspectral infrared radiance instruments such as the Atmospheric Infrared Sounder [47] , SSM/I, and TOVS.
In this study, the monthly mean PWV data derived from the MERRA-2 reanalysis between 1979 and 2015 were used. The methods used to calculate the annual mean PWV and seasonal mean PWV were consistent with the ERA-interim PWV, as mentioned above.
Based on the annual or seasonal mean PWV data from radiosondes, the ERA-interim reanalysis, and the MERRA-2 reanalysis, the annual or seasonal linear trend in PWV was estimated by using the least-squares linear regression method. This method is designed to determine the equation of best fit to time series data by minimizing the sum of the squares of the errors in the residuals.
Results and Discussion
Spatial Distribution and Variability of PWV throughout North China
Annual Mean PWV Levels throughout North China.
A previous study [48] confirmed that the performance of ERA-interim PWV data is better than that of MERRA-2 in North China (see also a larger correlation coefficient between radiosonde and ERA-interim in Figure 5 ). Thus, the ERAinterim PWV data were used to study the spatial distribution of PWV throughout North China in this study. Figure 2 presents the spatial distribution of annual mean throughout North China, derived from the 37-year ERAinterim reanalysis data. The distribution of PWV throughout North China showed clear geographical differences. This spatial pattern of annual mean PWV was generally characterized by two high and two low PWV centers over North China ( Figure 2 ). Two high PWV centers were in Eastern China, with PWV from 20 to 28 mm, and in the Tarim Basin of Northwestern China, with PWV of about 12 mm. The high PWV level in Xinjiang Province may have been related to the water vapor transport from the Mediterranean and Caspian seas [49] . Two low PWV centers were in the areas with high-altitude regions around Northern Tibet and Qinghai Province, with PWV from 2 to 8 mm, and in the high-latitude Inner Mongolia region, with PWV of about 8 mm.
Seasonal and Monthly Variations throughout North
China. Figure 3 shows the distribution of the 37-year averaged PWV for spring, summer, autumn, and winter. The spatial distribution of PWV throughout North China was characterized by two high PWV centers and two PWV low centers, which remained unchanged over all four seasons, although the intensity of the PWV centers varied between spring, summer, autumn, and winter. Overall, the levels of seasonal mean PWV were highest in summer, followed by autumn and spring, and were lowest in winter. In spring, except in Eastern China, the PWV throughout North China remained at a low level. Affected by the East Asian monsoon, the PWV increased markedly in the summer in most parts of North China. The PWV in the Eastern China area finally reached a maximum value of about 45 mm. The PWV in Xinjiang Province reached the same level as in Inner Mongolia, with a value of about 18 mm. In autumn, with the weakening of the monsoon, the PWV in Xinjiang Province, Eastern China, Northeast China, and Inner Mongolia decreased significantly. In winter, the PWV levels were low, with a value of lower than 9 mm for most parts of North China.
Monthly mean PWVs were retrieved from 37 years of monthly PWV data, and the monthly mean distribution of PWV from January to December throughout North China is shown in Figure 4 . The monthly mean PWV distribution throughout North China showed obvious monthly differences. The highest PWV level in North China occurred in July and August, with a PWV value of greater than 45 mm in Eastern China, greater than 18 mm in Xinjiang Province and Inner Mongolia, and greater than 9 mm in Northern Tibet and Qinghai Province, which was closely related to the enhanced intensity of the East Asian summer monsoon and increased evaporation resulting from increased temperature during this period. The lowest PWV level in North China occurred in December, January, and February, with a PWV value of less than 9 mm.
Interannual Variation throughout North
China. Averaged time series of annual mean PWV for all radiosonde stations, ERA-interim, and MERRA-2 throughout North China are plotted in Figure 5 . All North China values are based on an arithmetic average of the 45 individual radiosonde sites and a regional average of all grid points from ERAinterim and MERRA-2 PWV data. As shown in Figure 5 , the trends in annual mean PWV interannual variations in the ERA-interim ( = 0.619) and MERRA-2 ( = 0.589) reanalyses were highly consistent with the observed radiosonde PWV series throughout North China. For longterm PWV variations, however, there were clear differences between ERA-interim/MERRA-2 PWV reanalysis data and radiosonde PWV observations, especially before 2003, which resulted from wet biases in the reanalyses in the earlier period [48] . In addition, as shown in Figure 5 Based on Figure 5 , it is interesting to note that there was an obvious increase during 1979-1998, with the largest PWV value occurring in 1998. A corresponding significant decrease was observed during 1999-2009, with the lowest PWV value occurring in 2009. The abrupt PWV increases observed during 1997-1998 and 2009-2010 were likely related to El Niño events .
In order to investigate the variation and trend in PWV in major cities in North China, nine provincial capital radiosonde stations (Urumchi, Xining, Yinchuan, Beijing, Taiyuan, Hohhot, Changchun, Harbin, and Zhengzhou) were used. These radiosonde stations were chosen to represent the different characteristics of PWV in typical regions throughout North China. The interannual variation in PWV at various stations is presented in Figure 6 . Significant decreasing trends were observed at Harbin, Yinchuan, and Beijing from 1998 to 2006. The annual mean PWV decreased from 16.2 mm to 11.7 mm at Harbin, from 14.4 mm to 10.9 mm at Yinchuan, and from 20.9 mm to 16.9 mm at Beijing during 1998-2006. For the stations in central China, a significant increasing trend of PWV was observed at Zhengzhou during two periods (1979-1990 and 1997-1998) , with the peak value occurring in 1998 at 25.6 mm (Figure 6(c) ). Meanwhile, a clear decreasing trend in PWV was observed during two periods (1990-1997 and 1998-2008) , with the lowest value occurring in 1997 at 19.6 mm.
For the stations in Northwest China, a clear increasing trend in PWV was observed at Urumchi, Xining, and Yinchuan from 1979 to 2002, followed by a decrease during 2003-2009 at Urumchi and Xining (Figure 6(a) ). The largest PWV occurred in 1999, with a value of 12.6 mm, 11.6 mm, and 14.4 mm for Urumchi, Xining, and Yinchuan, respectively. The lowest value of 9.1 mm was observed in 2009 at Urumchi; the lowest value of 9.3 mm was observed in 2008 at Xining; and the lowest value of 10.0 mm was observed in 2004 at Yinchuan.
For the stations in North China, a significant increasing trend in PWV was observed at Hohhot, Taiyuan, and Beijing from 1979 to 1998, with the largest PWV value occurring in 1997 for Beijing and in 1998 for Hohhot and Taiyuan (Figure 6(b) ). In addition, a corresponding significant decrease was observed during 1997-2002 at Beijing For the stations in Northeast China, a significant increasing trend in PWV was observed at Harbin and Changchun from 1979 to 1998 (Figure 6(c) ). A corresponding significant decreasing trend was observed during 1998-2011 at Changchun and Harbin, followed by an increase during 2011-2015. For the Harbin station, the largest PWV value of 16.2 mm occurred in 1998, and the lowest PWV value of 11.7 mm occurred in 2006. For Changchun station, the largest PWV value of 17.7 mm occurred in 1998, and the lowest PWV value of 13.5 mm occurred in 2011.
Trends in PWV throughout North China
Annual Trend in PWV throughout North China. The Fifth Assessment Report of the Intergovernmental Panel on
Climate Change points out the explicitly human-induced warming trend of the climate system [50] . As a key climatic parameter, the long-term interannual variation and trend in PWV against the background of climate change are crucial for understanding global and regional climatic changes and the effect of the water vapor feedback on global warming. Linear regression trend analysis was performed for radiosonde, ERA-interim, and MERRA-2 PWVs using the least-squares linear regression method. Figure 7 shows the spatial distributions of the linear trends for the three PWV datasets during three different periods (1979-1999, 1979-2007, and 2008-2015) . As shown in Figures 7(a)-7(c) , when the trend test was conducted over the period of 1979-1999, there was an increasing PWV trend at most stations in North China. Among the 45 sites, the number of sites displaying increasing trends from 1979 to 1999 was 44. Notably, the PWV trends derived from the ERA-interim and MERRA-2 reanalysis data were consistent with the radiosonde observations; an increasing trend was observed in North China during 1979-1999. The magnitude of the increasing trend ranged from 0.1 mm to 1.2 mm decade −1 between 1979 and 1999. Stations with linear trends greater than 0.8 mm decade −1 were in Northwestern China, North China, and Northeastern China.
In contrast, among the 45 sites in North China, the number of sites with increasing trend is 25 from 1979 to 2007, while the number of sites with decreasing trend is 20 ( Figure 7(d) ). These results indicate that the PWV in North China is not monotonically increasing under the context of global warming. In fact, some parts of North China experience a decreasing PWV in the recent decade. Unlike the PWV trend retrieved from radiosonde observations, the PWV trends of ERA-interim and MERRA-2 exhibited slightly different spatial distribution characteristics. The wide spatial ranges of the increasing trend were observed in ERA- When the linear trend test was performed over the period of 2008-2015, almost all radiosonde sites displayed increasing trends. Stations with increasing trend magnitude greater than 2.4 mm decade −1 were located in Xinjiang Province, Northern Inner Mongolia, and Northern Heilongjiang Province. What is more, similar positive PWV trends with magnitudes ranging from 0.8 mm to 2.2 mm decade −1 , retrieved from ERA-interim and MERRA-2 data, were observed throughout most regions of North China, except for Northern Tibetan Plateau, Qinghai Province, and Mid-Eastern China ( Figures  7(h)-7(i) ). However, it should be noted the above trends need to be confirmed in the future because the Chinese radiosonde data during 2008-2015 contain the inhomogeneity. There are known severe inhomogeneities in Chinese radiosonde records after 2007, particularly at higher altitudes. As for the trends from reanalyses, which assimilate the radiosonde record data, they could also be biased due to the inhomogeneity of the radiosonde moisture data. The maximum magnitude of an increasing trend occurred throughout Mid-Eastern China and Xinjiang Province and was about 2 mm decade −1 . In summer, a relatively larger increasing trend was observed at most sites in North China, Xinjiang, and Qinghai Province, but a significant decreasing trend occurred in Mid-Eastern China with the trends being about −2 mm decade −1 . In autumn, the spatial distribution of the PWV trends was similar to the PWV trends in 8 Advances in Meteorology spring. In winter, almost all sites in North China showed a relatively slight increasing trend when compared with the other seasons, but the magnitude of the increasing trend ranged from 0.2 to 2 mm decade −1 between 2008 and 2015. However, the above seasonal trends during 2008-2015 also need deeper analysis to be confirmed in the future due to the Chinese radiosonde data inhomogeneities.
Seasonal Trends in PWV throughout
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Conclusion
This study reveals the distributions of annual, seasonal, and monthly mean PWV, as well as the interannual variations and trends in PWV, throughout North China, based on three PWV datasets, radiosonde observations and and ECMWF and MERRA-2 reanalysis data, from 1979 to 2015. The distribution of PWV throughout North China showed clear geographical differences. This spatial pattern of annual mean PWV throughout North China was generally characterized by two high PWV centers, located in Eastern China (ranging from 20 to 28 mm) and in the Tarim Basin (about 12 mm), and two low PWV centers, located in Northern Tibet and Qinghai Province (ranging from 2 to 8 mm) and in the highlatitude Inner Mongolia region (about 8 mm). Affected by the East Asian monsoon, the levels of seasonal mean PWV were highest in summer, followed by autumn and spring, and were lowest in winter. Based on the monthly mean PWV, the highest PWV level in North China occurred in July and August, which was closely related to the enhanced intensity of the East Asian summer monsoon and increased evaporation resulting from increased temperatures during this period. The lowest PWV level in North China occurred in December, January, and February.
The trends in the interannual variations of averaged time series of annual mean PWV in ERA-interim and MERRA-2 reanalysis data were highly consistent with the observed radiosonde PWV series in North China. The largest PWV value occurred in 1998 and the lowest PWV value occurred in 2009. Increasing trends in annual mean PWV, with the trend magnitude ranging from 0.1 mm to 1.2 mm decade Based on data from 37 radiosonde stations, clear increasing PWV trends were found at most sites in North China in all four seasons from 1979 to 1999, with the maximum average increase occurring in summer and the minimum occurring in winter. A slightly but less marked decrease trend was found at most stations in North China in all four seasons during 1979-2007. In addition to the apparent increasing trend of PWV during 1979-1999, the increased trends (with the maximum in summer) were also found throughout North China during the period from 2008 to 2015; however, these Advances in Meteorology 9 trends need to be confirmed after resolving the radiosonde data inhomogeneities over North China region in the future.
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